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The t r a n s v e r s e  moda l   behav io r   o f   t he   t rans -  
v e r s e  j u n c t i o n  s t r i p e  ( T J S )  l a s e r  e x c i t e d  b y  s h o r t  
(70 p s )  e l e c t r i c a l  p u l s e  i s  i n v e s t i g a t e d  e x p e r i -  
m e n t a l l y   a n d   t h e o r e t i c a l l y .  It i s   p r e d i c t e d   t h e o -  
r e t i c a l l y  a n d  o b s e r v e d  e x p e r i m e n t a l l y  t h a t  t h e  
t ransve rse  mode s t r o n g l y  depends on  t h e  e x c i t a t i o n  
p u l s e   a m p l i t u d e   a n d   t h e   d c   b i a s   c u r r e n t   ( w h i c h   i s  
se t   be low  th resho ld) .   Th is   dependence i s  f o u n d   t o  
be  due t o  t r a n s i e n t  l a t e r a l  c a r r i e r  d i f f u s i o n  a t  
t h e  l a s i n g  j u n c t i o n .  
Among t h e  many l a s e r  s t r u c t u r e s  d e v e l o p e d  
f o r   o p t i c a l   c o m m u n i c a t i o n ,   t h e   t r a n s v e r s e   j u n c -  
t i o n  s t r i p e  ( T J S )   l a s e r   [ l - 2 1  has e s t a b l i s h e d  
i t s e l f  as   an   ou ts tand ing   cand ida te  [3]. I n  
t h i s  p a p e r  we p r e s e n t  r e s u l t s  o n  t h e  t r a n s v e r s e  
mode b e h a v i o r  o f  TJS l a s e r s  u n d e r  s h o r t  (70  ps )  
i n t e n s e   e l e c t r i c a l   p u l s e   e x c i t a t i o n .  It was 
e x p e r i m e n t a l l y   f o u n d   t h a t   t h e   f u n d a m e n t a l   t r a n s -  
verse  mode domina tes  even  under  pu l se  exc i ta t i on  
and i t s  p o s i t i o n  depends on  t h e  e x c i t a t i o n  p u l s e  
a m p l i t u d e   a n d   o n   t h e   b i a s   l e v e l .  The r e s u l t s   a r e  
s u c c e s s f u l l y  e x p l a i n e d  b y  t h e o r e t i c a l  c a l c u l a t i o n s  
t h a t   i n c l u d e   i n j e c t e d   c a r r i e r   d i f f u s i o n .  These 
r e s u l t s  a r e  i m p o r t a n t  i n  h i g h  d a t a  r a t e  communi- 
c a t i o n  l i n k s  u s i n g  s i n g l e  mode f i b e r s ,  f o r  t h e  
t ransve rse  mode p a t t e r n  o f  t h e  l a s e r  s i g n i f i c a n t l y  
a f fec ts   t he   coup l i ng   be tween   the   l ase r   and   t he  
f i b e r .  
A schemat i c  d iag ram o f  a TJS l a s e r  i s  shown 
i n   F i g u r e  1. C o n f i n e d   b y   t h e   h e t e r o s t r u c t u r e   i n  
t h e  v e r t i c a l  d i r e c t i o n ,  t h e  c a r r i e r s  a r e  i n j e c t e d  
across   the  p’n homojunc t ion  i n  t h e  a c t i v e  l a y e r ,  
t h u s  c r e a t i n g  an i n v e r t e d  p o p u l a t i o n  n e a r  t h e  j u n c -  
t i o n .  The g a i n   p r o f i l e   i s   p r o v i d e d   p r i m a r i l y   b y  
t h e  i n j e c t e d  h o l e s  i n  t h e  n r e g i o n .  
We s h a l l  c a l c u l a t e  t h e  t i m e  e v o l u t i o n  o f  t h e  
, o p t i c a l  mode g a i n  a f t e r  t h e  i n j e c t i o n  o f  a n  i n t e n s e  
na.rrow c u r r e n t   p u l s e .  We assume t h a t  t h e  l a s e r  i s  
b iased  way be low th resho ld  so  tha t  ve ry  few  pho tons  
e x i s t   i n   t h e   c a v i t y .  When t h e   c u r r e n t   p u l s e   i s  
i n j e c t e d  a c r o s s  t h e  j u n c t i o n ,  t h e  c a r r i e r s  i n i -  
t i a l l y  accumulate a t  t h e  j u n c t i o n  and  do no t  sup-  
p o r t  a mode w i t h   p o s i t i v e   g a i n .   O n l y   a f t e r   t h e  
c a r r i e r s  d i f f u s e  t o  a c e r t a i n  w i d t h  wil t h e  mode 
e x p e r i e n c e  n e t  g a i n ,  a n d  a n  o p t i c a l  p u l s e  f o l l o w s .  
The t ransve rse  mode s t r u c t u r e  o f  t h i s  o p t i c a l  p u l s e  
c l e a r l y  depends  on t h e  a m p l i t u d e  a n d  w i d t h  o f  t h e  
c a r r i e r  p r o f i l e  a t  t h e  moment t h a t  t h e  mode g a i n  
shoo ts   above   t h resho ld .   Be fo re   t h i s  moment, we can 
n e g l e c t  t h e  o p t i c a l  f i e l d  and t r e a t  t h e  c o n v e n -  
t i o n a l  c a r r i e r  d i f f u s i o n  p r o b l e m  i n  a s t r a i g h t  
forward manner.  
The t r a n s i e n t  c a r r i e r  d e n s i t y  d i s t r i b u t i o n  
l l o w i n g  f i e l d  f r e e  d i f f u s i o n  s a t i s f i e s  t h e  f o  
equa t ion :  
where : 
p = h o l e  d e n s i t y  
D = d i f f u s i o n  c o n s t a n t  
T = s p o n t a n e o u s   l i f e t i m e  
Suppose t h a t  t h e  l a s e r  i s  b i a s e d  b y  a d c  c u r r e n t  
and we assume a t  t 0, a 6 - f u n c t i o n  c u r r e n t  p u l s e  
o f  t o t a l  c h a r g e  Q i s  i n j e c t e d  a c r o s s  t h e  j u n c t i o n :  
D ”/ ax X=O = Jo + o 6 ( t )  
where : 
J = dc b i a s  
0 
0 = Q/wk 
w = t h i c k n e s s  o f  t h e  a c t i v e  l a y e r  
R = t h e  l e n g t h  o f  t h e  l a s e r  
The s o l u t i o n  f o r  ( 1 )  i s :  
w h e r e , t h e  t i m e  d e p e n d e n t  w i d t h  o f  t h e  g a u s s i a n  
d ( t )  = Za, ps i s   t h e   s t e a d y   s t a t e   s o l u t i o n .   I n  
u s i n g  ( 2 )  as  an i n i t i a l  c o n d i t i o n ,  we have assumed 
t h a t  t h e  s o u r c e  i m p e d a n c e  o f  t h e  d r i v e  c i r c u i t  i s  
i n f i n i t e ,  i .e., a c u r r e n t  s o u r c e  d r i v e .  
The actual   source  impedance i s  50R and  the 
d i o d e  s h u n t  r e s i s t a n c e  i s  l e s s  t h a n  5R. 
We wil n e x t  a p p l y  t h e  s o l u t i o n  p ( x , t )  o f  ( 4 )  
t o  o b t a i n  t h e  t r a n s i e n t  s o l u t i o n  o f  t h e  e l e c t r o -  
m a g n e t i c   l a s e r  mode.  The r e l a t i v e   p e r m i t t i v i t y  of 
t h e  medium c a n  b e  w r i t t e n  a s :  
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€ ( x )  = + i G ( p ( x , t )  - P o )  ( 4  1 
where Po i s  t h e  c a r r i e r  d e n s i t y  f o r  t r a n s p a r e n c y ,  
G i s  t h e  c o e f f i c i e n t  a s  d e f i n e d  i n  ( 4 ) ,  w h i c h  i s  
d i r e c t l y  r e l a t e d  t o  t h e  g a i n  c o e f f i c i e n t  o f  t h e  
l a s e r  mode i n  a s t ra igh t - fo rward  manner ,  and  E r  
i s  t h e  square o f   t h e   r e f r a c t i v e   i n d e x .   A f t e r  
s u i t a b l e  a p p r o x i m a t i o n s ,  t h e  f i e l d  e q u a t i o n  
reads : ( 5 )  
(c r  t iA - i B  t iC! - B 2 -   iAx2w21E = 
d2c2  
where : 
A = Go / (&d( t ) )  
B = GPO 
c = G J ~ ~  
where B i s  t h e  p r o p a g a t i o n  c o n s t a n t  o f  t h e  mode. 
The mode p r o f i l e ,  w i t h  t h e  b o u n d a r y  c o n d i t i o n s  
I E /  = 0 a t  x .= 0 and x = a, a r e  t h e r e f o r e  t h e  o d d  
par i ty   Hermi te -Gauss ians .   Exper iments  show t h a t  
t h e  l o w e s t  o r d e r  mode m 1 dominates  even  under 
p u l s e   e x c i t a t i o n .  The  maxima o f  t h i s  mode occurs  
a t  
and t h e  mode g a i n  i s  
The mode ga in  can  a l so  be  exp ressed  as a f u n c t i o n  
o f  t i n e :  
4 (Dt) 3/4  
The f i r s t  two  terms  are due t o  t h e  & - f u n c t i o n  c u r -  
r e n t  p u l s e ,  B i s  due t o  i n t r i n s i c  l o s s  and C i s  t h e  
c o n t r i b u t i o n   f r o m   t h e   b i a s   c u r r e n t .  The t h r e s h o l d  
v a l u e  o f  4 i  f o r  l a s i n g  i s  ( I l k )  knR where k i s  t h e  
l e n g t h  o f  t h e  l a s e r ,  R i s  t h e  a m p l i t u d e  
r e f l e c t i v i t y .  
We have  assumed f o r  c o n v e n i e n c e ,  i n  t h e  above 
c a l c u l a t i o n s  t h a t  t h e  c u r r e n t  p u l s e  i s  a 6- 
f u n c t i o n .   I n   a c t u a l   e x p e r i m e n t s ,   t h e   c u r r e n t   p u l s e  
i s  o f  b o t h  f i n i t e  w i d t h  and  ampl i tude.  I n  t h e  
f o l l o w i n g   n u m e r i c a l   c a l c u l a t i o n s ,  we s h a l l   t h e r e -  
f o r e  d e s c r i b e  t h e  s t r e n g t h  o f  t h e  & - f u n c t i o n  b y  a n  
e q u i v a l e n t  c u r r e n t  a m p l i t u d e  s u c h  t h a t  a c u r r e n t  
p u l s e  o f  t h i s  c u r r e n t  a m p l i t u d e  a n d  o f  70 ps dura-  
t i o n  ( t h e  a c t u a l  v a l u e  i n  o u r   e x p e r i m e n t s )   c o n t a i n s  
t h e  same amount o f  c h a r g e  a s  i n  t h e  & f u n c t i o n  
p u l s e .  The o ther   parameters  we used  a re  T = 1 ns, 
G = 6.9 x vm3 a s   c a l c u l a t e d   f r o m   S t e r n ' s  
r e s u l t s ,  t h e  t h i c k n e s s  o f  t h e  a c t i v e  l a y e r  i s  
0.2 urn, a n d   t h e   c a v i t y   l e n g t h   i s  250 pm. The c a r -  
r i e r  d e n s i t y  f o r  t r a n s p a r e n c y  i s  t a k e n  t o  be 
2 .6  x 10'' cm '. F i g u r e   2 ( a )  shows a p l o t  o f  
i . e . ,  t h e  c o n t r i b u t i o n  t o  mode g a i n  due t o  t h e  c u r -  
r e n t  p u l s e  f o r  v a r i o u s  i n j e c t i o n  p u l s e  s t r e n g t h .  
We n o t i c e  t h a t  B; d i v e r g e s  t o  -m as t + 0 acco rd ing  
t o   e q u a t i o n   1 3 .   T h i s   i s   n o n - p h y s i c a l   a n d   r e s u l t s  
f rom  ou r   app rox ima t ion .  An e x a c t   n u m e r i c a l   s o l u -  
t i o n  o f  t h e  \trave e q u a t i o n  w i t h  g a u s s i a n  p r o f i l e  
shows t h a t  4. a c t u a l l y  c o n v e r g e s  t o  z e r o  a t  t + 0 
as  hown i n  f i g u r e   2 ( a ) .   T h i s ,   a s   m e n t i o n e d  
b e f o r e ,  r e s u l t s  f r o m  t h e  f a c t  t h a t  a 6 - f u n c t i o n  
g a i n  p r o f i l e  does n o t  s u p p o r t  a mode w i t h  g a i n .  
From F i g u r e  2 ( a )  we s e e  t h a t  t h e  t i m e  d e l a y  
f o r  t h e  mode g a i n  t o  go  above  threshold i s  l e s s  
f o r  pump p u l s e   o f   h i g h e r   a m p l i t u d e .   S i n c e   t h e  
c a r r i e r  d i f f u s i o n  d i s t a n c e , d  a n d  t i m e  t a r e  r e l a t e d  
by d = 2 m ,  we c a n  p l o t  B i  a s  a f u n c t i o n  o f  d,  as 
shown i n   F i g u r e   2 ( b ) .   T h i s   p l o t  shows t h a t   f o r  a 
g i v e n  b i a s  l e v e l ,  a t  t h e  t i m e  l a s i n g  o c c u r s ,  d 
w o u l d   b e   s m a l l e r   f o r   h i g h e r   p u l s e   c u r r e n t .  The 
peak o f  t h e  a c t u a l  o p t i c a l  mode when l a s i n g  f i r s t  
occurs  i s  a t  a p o s i t i o n  x r e l a t e d   t o   d .   F i g u r e  3 
shows a p l o t  o f  Xm f o r  d i y f e r e n t  b i a s  l e v e l s  and 
v a r i o u s   p u l  se c u r r e n t  ampl i tudes.  
The dependence o f  t h e  t r a n s v e r s e  mode p o s i t i o n  
on the  pu lse  cu r ren t  amp l i t ude  p red ic ted  above  has  
been  observed  exper imenta l l y .  The lase r   used  was 
a TJS l a s e r  on a s e m i - i n s u l a t i n g  s u b s t r a t e  w i t h  a 
c w . t h r e s h o l d   o f   a b o u t  30 mA. The l a s e r  was b iased  
w i t h  a dc c u r r e n t  b e l o w  t h r e s h o l d ,  r a n g i n g  f r o m  
5-15mA. It was d r i v e n   w i t h  a s tep - recove ry   d iode  
(SRD) wh ich   genera tes   70   ps   pu l ses ,   o f   va r iab le  
ampl i t u d e  a n d  r e p e t i t i v e  a t  l o w  f r e q u e n c y  ( 2 5 0  MHz 
o r  100 MHz). The l a s e r   r e s p o n s e s   t o   t h e   c u r r e n t  
p u l s e  w i t h  a s i n g l e  s h a r p  o p t i c a l  p u l s e ,  t h e  w i d t h  
o f  w h i c h  i s  v e r y  p o s s i b l y  b e l o w  1 0 0  p s - - t h e  
r i s e t i m e  o f  t h e  APD used. 
F i g u r e  4 shows t h e  t r a n s v e r s e  mode s t r u c t u r e  
o f  t h e  o p t i c a l  p u l s e s  u n d e r  d i f f e r e n t  e x c i t a t i o n  
l e v e l s .  As t h e   p e a k   c u r r e n t   o f   t h e   e x c i t i n g   p u l s e  
i s  i nc reased .   t he  mode s h i f t s  c l o s e r  t o  t h e  j u n c -  
t i o n .  Compared w i t h  t h e  mode s t r u c t u r e  when t h e  
l a s e r  i s  o p e r a t e d  cw above  th resho ld ,  t he  pu lsed  
mode shows a second "bump," wh ich  i s  p o s s i b l y  t h e  
second   o rde r   t ransve rse  mode.  The  measurements a t  
d i f f e r e n t  p u l s e  a m p l i t u d e s  a r e  made a t  d i f f e r e n t  
b i a s  l e v e l s ,  f o r  t h e  l a s e r  d i o d e  c a n n o t  b e  p u l s e d  
t o o   h i g h   a b o v e   t h r e s h o l d   w i t h o u t   d e s t r u c t i o n .  The 
amount o f  mode s h i f t  measured are i n  good  agreement 
w i t h  t h e o r e t i c a l  p r e d i c t i o n s  i n  F i g u r e  3 .  
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F i g .  1 Schematic diagram of the  cross  section  of a TJS laser .  
Fig. 2 Plots o f  mode gain vs ( 
-2 i- 
a )  time a f t e r  a current pulse is  injected 
and (b) width of the diffused hole prof 
junction, for various pump current amp1 
mode gain for  las ing when  o DC b ias  is  
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i l e  in  the  N side of the 
i tude.  Bi i s  the minimum t h  
appl i ed . 
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F i g .  3  Plots of positions o f  the peak of  the  optical mode at  las ing threshold 
vs DC bias level , for various pump current pulse amplitudes. 
into N Side 
- 
F i g .  4 Measured transverse mode profile  with  bias and  peak pulse  current 
respectively  equal  to  (a) 12 m4,430mA, (b )15 .5d ,  350d ,  (c)20mA, 
205mA. For comparision, the mode prof i le  under cw operation is 
a1 so shown. 
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